The electrochemical quartz-crystal microbalance (EQCM) is a relatively recent technique for the study of tiny mass changes on electrodes that has found many applications in electrochemistry. 1 Within certain limits, a linear relation exists between the change in the quartz resonant frequency and the change in mass density on the quartz as first shown by Sauerbrey. 2 The mass sensitivity of the EQCM is well below an atomic monolayer, which makes it a powerful tool for the study of interfacial processes. 1 In solution, other factors besides mass density may affect the measured frequency such as changes in density or viscosity of the adjacent electrolyte layer, temperature variations, the hydrostatic pressure, and the electrode roughness. 4, 5 The effect of the structure and viscosity of the diffuse double layer has been studied by Tsionsky et al. 6 Chassaing used the different response of AT-and BT-cut crystals for the study of growth stresses in electrodeposits. 7 In electrochemical experiments, it is often necessary to work under well-controlled mass-transport conditions. This can be conveniently achieved by using a rotating electrode. To our best knowledge, there have been only two studies using a rotating electrochemical quartz-crystal microbalance electrode (rEQCM electrode). 8, 9, 10 Grzegorzewski and Heusler 8 characterized the kinetics of manganese dioxide with a rotating electrode containing a 10 MHz AT quartz crystal directly fixed on a rotating device with silicon glue and contacted with silver wires. Marlot and Vedel used an rEQCM electrode for the study of electrodeposition of Cu-Se and Cu-InSe. 9,10 The electrode included mechanical rotating contacts which limited the rotation speed to 700 rpm. The 5 MHz AT quartzes used were fixed on the rotating part by silicone tape.
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The electrochemical quartz-crystal microbalance (EQCM) is a relatively recent technique for the study of tiny mass changes on electrodes that has found many applications in electrochemistry. 1 Within certain limits, a linear relation exists between the change in the quartz resonant frequency and the change in mass density on the quartz as first shown by Sauerbrey. 2 The mass sensitivity of the EQCM is well below an atomic monolayer, which makes it a powerful tool for the study of interfacial processes. 1 In solution, other factors besides mass density may affect the measured frequency such as changes in density or viscosity of the adjacent electrolyte layer, temperature variations, the hydrostatic pressure, and the electrode roughness. 4, 5 The effect of the structure and viscosity of the diffuse double layer has been studied by Tsionsky et al. 6 Chassaing used the different response of AT-and BT-cut crystals for the study of growth stresses in electrodeposits. 7 In electrochemical experiments, it is often necessary to work under well-controlled mass-transport conditions. This can be conveniently achieved by using a rotating electrode. To our best knowledge, there have been only two studies using a rotating electrochemical quartz-crystal microbalance electrode (rEQCM electrode). 8, 9, 10 Grzegorzewski and Heusler 8 characterized the kinetics of manganese dioxide with a rotating electrode containing a 10 MHz AT quartz crystal directly fixed on a rotating device with silicon glue and contacted with silver wires. Marlot and Vedel used an rEQCM electrode for the study of electrodeposition of Cu-Se and Cu-InSe. 9, 10 The electrode included mechanical rotating contacts which limited the rotation speed to 700 rpm. The 5 MHz AT quartzes used were fixed on the rotating part by silicone tape.
An rEQCM electrode system for applications in corrosion and electrochemistry should meet several requirements. The mass sensitivity and the noise level should permit measurements with a resolution well below a monolayer. A fast data-acquisition rate is desirable for kinetic studies. The rotation of the electrode should not introduce excessive noise even at high rotation rates. The latter should cover a wide range, typically up to 5000 rpm. Most of all, the quartz crystals should be easily interchangeable. Indeed, due to the high sensitivity of the method, it is generally necessary to repeat measurements several times in order to perform a statistical analysis of the data. Furthermore, corrosion reactions tend to consume rapidly the thin-film electrodes deposited on quartz crystals, requiring frequent replacement. In the present paper a novel electrode design 11 is described permitting easy and reproducible exchange of the quartz crystals which are fixed for this purpose in specially designed holders. The performance of the system is characterized by studying well-known model systems.
Electrode Design and Experimental Setup
Quartz crystals.-In this study, 10 MHz AT-cut quartz crystals (Xtronix, Switzerland), delivered with a single sputter-deposited electrode (20 nm Cr ϩ 230 nm Au), were used. The free crystal side was etched in 5 M (NH 4 )HF 2 at 20ЊC for 9 h in order to diminish the quartz-crystal roughness. The polycrystalline working electrode was sputter-deposited at room temperature and consisted of 190 nm Au deposited on an adhesion layer of 30 nm Cr. The coated quartz crystals oscillated at 10,055 Ϯ 10 kHz. According to the Sauerbrey equation, 2 the total mass density of the working electrode decreased the resonant frequency by Ϫ191 kHz. Therefore, the resonant frequency of the bare crystals was 10,245 ϩ 10 kHz. The central parts of the electrodes on top and on the bottom of the crystal had the same size. The contact part to the working electrode was kept thin (diameter 1 mm). The geometry of the Au electrodes is shown in Fig. 1 .
Exchangeable quartz-crystal holders.-The rotation symmetric quartz-crystal holders (Fig. 2) consisted of a polymethyl-methacrylate (PMMA) socket with the fixed crystal. The socket contained a male plug for connection to the electrode body. Two isolated wires lead from this plug to two contacts in a Teflon ring. The Au electrodes on the crystal were connected to these contacts with a silver paint, as shown in Fig. 3 . A polished epoxy layer (Araldite rapid ® ), surrounding the working electrode on the quartz crystal, provided the tightness of the electrode holder in solution and rigidly fixed the crystal without applying any mechanical stress. This epoxy cover was deposited and polished using a mask to get a reproducible geometry. In order to prevent the epoxy from influencing the oscillation of the quartz crystal between the two electrodes, a small quartz ring of 1 mm was left uncovered between the working electrode and the epoxy. The design includes a small recess with an aspect ratio d/a ϭ 0.2. The value of the aspect ratio can easily be changed to another value if needed.
The total area of the working electrode was 20.26 Ϯ 0.04 mm 2 , and the part covered by both electrodes was 19.64 mm 2 . Under the assumption that only this part oscillated, the mass-sensitive area of the crystals was only 3.1% smaller than the electrochemically active area. The PMMA sockets could be reused to hold a new quartz crystal once the working electrode was consumed. The materials in contact with the electrolyte, PMMA and Araldite, are both known to be inert in a wide pH range. No silicone was used in this setup.
Electrode body.-The rEQCM electrode body contained a motor, bearings, and two mercury contacts, as shown in Fig. 4 . The mercury contacts were connected to the female plug at the bottom of the electrode body. One of the two quartz-crystal signals was led through a steel tube to the lower mercury contact. The other signal was connected through an isolated wire inside the steel tube and the lower mercury contact to the upper mercury cell. The plug was embedded in an epoxy resin. This design allowed a flexible and quick exchange of the quartz-crystal holders. The motor and its control unit (Radiometer Copenhagen) provided a rotation rate between 0 and 5000 rpm. The total height of the rEQCM electrode body with motor was 26 cm.
Experimental setup.-All electrochemical experiments were performed with a Zahner IM6 ® potentiostat (Kronach, Germany). Measurements were controlled by an extended Zahner THALES ® program. The PC served to set up the THALES program, but once a measurement was started, it was entirely controlled by the IM6. The oscillator circuit and frequency counter of a commercial microbalance EQCN 700 (Elchema, Potsdam, NY) with a resolution of 0.1 Hz were used. The frequency counter measured the frequency difference ⌬f between the sample and a 10,000 MHz reference crystal placed in a remote probe unit situated in the Faraday cage. The EQCN 700 converted ⌬f to an analogue signal (mass units) which was acquired by a DAQ card inside the potentiostat. From these data, ⌬f was recalculated. With this arrangement a maximum acquisition rate of electrochemical and frequency data of 2 kHz can be achieved. Normally, in the present study a data acquisition rate of 10 Hz was used. The described experimental setup is shown schematically in Fig. 5 .
All rEQCM measurements were done in a Faraday cage. The electrolyte volume was 400 mL and if necessary, the solutions were degassed for at least 2 h with high-purity Ar. During a measurement, the argon was kept above the solution only, in order not to disturb the resonant frequency. Water purified by reverse osmosis (>5 M⍀ cm/25ЊC, Elgastat Option 4) was used to rinse the electrodes and for preparation of the electrolytes. In any given experiment the tempera- ture was kept constant to Ϯ0.1ЊC. A platinum wire served as counter electrode, and a saturated mercury sulfate electrode (sme) as reference. All potentials are reported with respect to sme. Unless otherwise mentioned, the working electrodes were cleaned with ethanol and 1 M H 2 SO 4 in an ultrasonic bath for 5 min, followed by briefly soaking them in 1:3 (v/v) H 2 O 2 /H 2 SO 4 (piranha reagent) and rinsing with purified water. All chemicals used were of analytical grade (Merck).
Noise Characterization
The stability of the signal of the resonant frequency over time is the limiting factor for EQCM measurements with monolayer resolution. It is influenced by the design of the rEQCM electrode, solution hydrodynamics, electromagnetic interference, and the frequency counter. Under mass-transport-controlled conditions, rotation-ratedependent peaks in the frequency signal would be expected for an electrode that rotates eccentrically. The signal quality was characterized in two different electrolytes. In degassed 0.1 M HClO 4 , the intrinsic noise of the rEQCM was quantified, whereas in a ferri/ferrocyanide-containing solution, the noise level during a mass-transportcontrolled reaction was investigated. In degassed 0.1 M HClO 4 at 25ЊC, the noise was measured at the open-circuit potential (OCP) during 100 s at various rotation speeds after immersion of the quartzcrystal electrodes for 15 min. The mass density on the electrodes was assumed to remain constant because no reaction was going on. The deviation from linearity, therefore, was a measure for the signal quality. In 0.05 M K 4 6 ] ϩ 2 M NaOH at 25ЊC, often used in mass-transport studies, 12 the noise was quantified during a potentiodynamic sweep from 0.139 (OCP) to Ϫ0.439 V, from Ϫ0.439 to 0.161, and back to Ϫ0.139 V with 5 mV s Ϫ1 . This included both transport-limited reactions of the ferricyanide being reduced and the ferrocyanide being oxidized. Figure 6 shows the quality of the frequency signal at different rotation rates in 0.1 M HClO 4 measured at a data-acquisition rate of (4) and (6) mercury contacts, (5) banana socket, (7) isolated wire between (3) and (12) for first signal, (8) and (11) bearings, (9) steel tube carrying second signal, (10) epoxy cylinder containing female contacts, (12) female and male contacts, (13) quartz-crystal holder, (14) quartz-crystal. 10 Hz. Fast oscillations around a mean value, here referred to as noise, and continuous drifts with peaks over a longer time scale (e.g., at 1000 rpm), here referred to as instability of the frequency signal, can be seen in Fig. 6 . The term noise used here corresponds to the general use of this term. Noise was determined by calculating the standard deviation of the signal over a period of 10 s, a time scale where instability was negligible. The standard deviation over a period of 100 s, on the other hand, yielded a measure for instability. Calculations over more than 100 s hardly influenced the result. The frequency data in ferri/ferrocyanide was fitted in order to subtract the part due to the real change of the resonance frequency during the experiment, probably due to viscosity changes in the electrolyte layer oscillating with the crystal. The residual contained the noise and instability information, which was treated as described previously.
In HClO 4 as well as in the ferri/ferrocyanide-containing electrolyte, a disturbance of the resonant frequency measured at 200 and 400 rpm was observed, whereas no problems occurred at the investigated rotation rates of 600, 1000, 1600, and 3500 rpm. The Fourier transformation (FT) of the resonant frequency data, acquired at 10 Hz, led to a spectrum of the signal intensity vs. the FT frequency 0-5 Hz. The disturbance was due to a single peak at the FT frequency 3.3 Hz, corresponding to 200 rpm. Since all the signal intensity for the crystal resonant frequency was contained in the data below 1 Hz of FT frequency, this disturbance could be eliminated by discarding the FT frequency range between 3 and 3.7 Hz at the abovementioned rotation speeds, without falsifying the resonant-frequency signal. The observed perturbation could be due to a resonance phenomena at the rEQCM electrode. Figure 6 illustrates the effect of rotation rate on noise and instability. The noise level is clearly lower at 0 rpm than with rotation, while the instability corresponds to a frequency shift after 100 s of about 1 Hz. An increase in rotation speed up to 1600 rpm only slightly deteriorates the frequency signal, while noise at 3500 rpm is clearly higher. The values for noise and instability in both electrolytes are given in Table I . In HClO 4 , the noise was higher when the electrode rotated, while the instability increased only insignificantly up to 1600 rpm. At 3500 rpm, the instability was still better than 1 Hz. Table I also shows the influence of the data-acquisition rate and EQCM measuring range on the frequency signal in ferri/ferrocyanide. With the same parameters, noise and instability values were more important in ferri/ferrocyanide than in HClO 4 due to the masstransport-controlled reaction. The signal quality showed no potential dependence during the sweep. Moreover, there was no systematic dependence of the instability on rotation speed. A lower data-acquisition rate increased the quality of the frequency signal, whereas a higher measuring range obviously deteriorated the noise level but did not affect the instability.
The results showed that noise and instability did not correlate systematically and that instability was the dominant factor. Disturbances with a time constant larger than that for noise seemed to limit the frequency resolution. The standard deviation over 100 s measuring time may therefore be considered an appropriate measure of the total signal quality under real conditions. It only slightly depended on rotation speed up to 1600 rpm. At all rotation speeds up to 3500 rpm, the standard deviation was better than 1 Hz at a 5 Hz data acquisition rate.
Current Distribution
The rEQCM quartz crystal electrodes used in this study contain a recess with d/a ϭ 0.2 situated 1 mm from the active electrode surface. The current distribution therefore could differ from that of a classical rotating disk electrode (RDE). The current distribution of the latter at the limiting current is uniform, whereas the primary current distribution is highly nonuniform. 13 The effect of a recess on the current distribution was discussed by Dinan et al. 14 and by West and Newman. 15 The presence of a recess leads to a more uniform primary current distribution but the current distribution at the limiting current is less uniform. The nonuniformity increases with increasing aspect ratio, although a linear relationship between limiting current and the square root of rotation rate is always observed. 14 The masstransport and current distributions for the present rEQCM geometry were characterized by limiting current measurements and by studying the thickness distribution of copper deposits produced at the limiting current using X-ray fluorescence (XRF) analysis. The diffusion-controlled reaction between ferri-and ferrocyanide was studied in degassed 0.05 M K 4 6 ] ϩ 2 M NaOH at 25ЊC. The kinematic viscosity of this solution is 1.431 ϫ 10 Ϫ2 cm 2 s Ϫ1 . 16 The high concentration of supporting electrolyte was chosen in order to avoid migration effects. To obtain the limiting currents for the reduction of ferricyanide and the oxidation of ferrocyanide, the same cycle as previously described in the noise measurements was applied. The limiting currents were calculated by taking the average of 20 points on the cathodic plateau between Ϫ0.398 and Ϫ0.348 V as well as on the anodic plateau between 0.122 and 0.072 V.
To study the current distribution under limiting-current conditions, Cu was codeposited with Ni under conditions where deposition of Cu was diffusion controlled while Ni deposited under activation control. A deaerated electrolyte (25ЊC) was used containing 0.7 M NiSO 4 ϩ 0.025 M CuSO 4 ϩ 0.25 M Na 3 C 6 H 5 O 7 ϩ 0.75 vol % Fluorad FC-99. It is known that with addition of 0.25 M trisodium citrate (Na 3 C 6 H 5 O 7 ) as a complexing agent, the formation of a dendritic Cu deposit at the limiting current can be avoided without inhibiting significantly the partial reaction of the metal. 17 The fluorochemical surfactant Fluorad FC-99 (3M) prevented the formation of pores due to bubbles sticking to the surface of the recessed electrode. Galvanostatic depositions at 1000 rpm were performed at -13.6, Ϫ14.8, and Ϫ17.3 mA cm Ϫ2 . The Cu limiting current under these conditions was estimated at Ϫ6.6 mA cm Ϫ2 using D ϭ 10 Ϫ6 cm 2 s Ϫ1 and ϭ 0.01 cm 2 s Ϫ1 known from a similar electrolyte. 18 From ac impedance measurements, a conductivity value of ϭ 0.044 ⍀ Ϫ1 cm Ϫ1 was determined. The nickel-copper deposits were analyzed using XRF (Kevex Omicron) with a lateral resolution of 70 m. 20 points were measured over the radius of the working electrodes (2.5 mm).
The mass transport at an RDE can be evaluated using Eq. 1 13 [1] where i K is the current density at infinite rotation rate (kinetic current), c b the bulk concentration of the depositing species, the kinematic viscosity, the rotation rate, D the diffusion coefficient, F the Faraday constant, and n the charge number. Equation 1 separates the diffusional from the kinetic current and can be used to study whether a reaction is purely mass transfer controlled or not. In Fig. 7 , i Ϫ1 lim vs. Ϫ1/2 is plotted for the reduction of ferricyanide and the oxidation of ferrocyanide, measured with the rEQCM. The correlation factors of the linear fits were 0.99973 and 0.99983. The extrapolation yields an i K of approximately zero. The diffusion coefficients calculated from the slopes were 5.38 ϫ 10 Ϫ6 cm 2 s Ϫ1 and 4.57 ϫ 10 Ϫ6 cm 2 s Ϫ1 . The corresponding mobility products ()D/T were 2.58 ϫ 10 Ϫ10 cm 4 s Ϫ2 K Ϫ1 and 2.19 ϫ 10 Ϫ10 cm 4 s Ϫ2 K Ϫ1 , respectively. A value of 2.45 ϫ 10 Ϫ10 cm 4 s Ϫ2 K Ϫ1 with a standard deviation of 15% has been reported for equimolar solutions of potassium ferri/ferrocyanide with an excess of NaOH. 19 The limits calculated with these literature values are also shown in Fig. 7 . The reduction as well as the oxidation is within the limits.
A simulation of the primary current distribution with a boundaryelement method, 20 imposing a constant potential at the cathode, was used to assess the influence of the uncovered quartz ring between the working electrode and the recess. An almost identical current distribution as for the RDE without a recess was obtained with d/a ϭ 0.2 and d/a ϭ 0.07. In case of slight variations in the height of the recess between different quartz-crystal holders, there is no influence on the primary current distribution.
The current distribution of Cu at the limiting current during the Cu/Ni codeposition (Fig. 8) was perfectly uniform at Ϫ13.6 and Ϫ14.8 mA cm Ϫ2 , indicating that Cu was indeed deposited under mass-transport control. At Ϫ17.3 mA cm Ϫ2 the current density close to the edge was slightly higher. This could possibly be due to a roughness effect due to the higher current density for Ni deposition. A decrease of the current density toward the edge, typical for a "nor- mal" recessed RDE, 14 was not observed because of the uncovered quartz surrounding the electrode. The Wagner number characterizing the secondary current distribution of Ni during the codeposition is given by Eq. 2 [2] where ␤ c is the cathodic Tafel coefficient of the Ni deposition, the conductivity, i Ni is the partial Ni current, and L is a characteristic length, in this case the radius of the electrode. For ␤ c , a value of 0.072 V was estimated from the polarization curve. Neglecting the formation of hydrogen, i Ni was calculated by subtracting the limiting current for Cu from the deposition current. From the different data it is concluded that the current distribution for the present rEQCM was essentially the same as for an RDE without a recess. The laminar flow pattern of the rotating disk apparently is not perturbed by the small recess surrounding the working electrode, and the quartz ring yields a uniform limiting current density on the working electrode. This is important since the EQCM theory requires uniform deposits on the crystal. 2 rEQCM Calibration According to Sauerbrey, 2 the change in resonant frequency ⌬f is related to the change in uniform mass density ⌬m A (ng cm Ϫ2 ) on the quartz crystal through [3] where f o is the resonant frequency of the unloaded crystal, q the density (2.648 g cm Ϫ3 ), q the elastic shear modulus of quartz (2.947 ϫ 10 11 g cm Ϫ1 s Ϫ2 ), and C f the quartz sensitivity factor. The relationship between frequency and mass density is considered linear for rigid and uniform mass loads of up to 2% of f o . 21 For 10.055 MHz crystals, Eq. 3 predicts a sensitivity of Ϫ0.229 Hz ng Ϫ1 cm 2 . Nevertheless, the sensitivity factor C f needs to be calibrated for accurate measurements. This can be done by electrodeposition at 100% current efficiency and applying Faraday's law.
Copper was plated from a degassed solution of 0.5 M CuSO 4 ϩ 0.5 M H 2 SO 4 ϩ 1.1 M EtOH at 23ЊC. This electrolyte showed a cur- S0013-4651(99)05-039-9 CCC: $7.00 © The Electrochemical Society, Inc.
rent efficiency of 100% at Ϫ16.3 mA cm Ϫ2 . 22 Galvanostatic and potentiostatic deposition at different rotation speeds as well as stripping experiments were performed. The limiting current amounted to Ϫ20 mA cm Ϫ2 at 0 rpm and Ϫ150 mA cm Ϫ2 at 150 rpm. In another series of measurements, Ag was deposited at constant current from degassed solutions containing 1 and 10 mM AgNO 3 ϩ 0.2 M HClO 4 at 23ЊC. Plating baths containing 1 mM AgNO 3 have been used by other authors for calibration. 4, 23 Limiting currents of Ϫ0.1 mA cm Ϫ2 at 0 rpm and Ϫ0.4 mA cm Ϫ2 at 150 rpm in 1 mM AgNO 3 and Ϫ0.4 mA cm Ϫ2 at 0 rpm in 10 mM AgNO 3 were measured. Prior to the deposition, the electrodes were cleaned as mentioned before. Before depositing Ag, the Au working electrodes were additionally pretreated in 0.2 M HClO 4 at 23ЊC by cycling the potential between 0 and 1.3 V with 50 mV s Ϫ1 for at least five cycles in order to activate the Au surface. 4, 24 A data-acquisition rate of 10 Hz was used in all experiments. The deposition could be followed up to Ϫ160 kHz before the frequency exceeded the measurable range of the microbalance. For each type of calibration experiment, five measurements with different quartz crystal holders were performed. Charge vs. frequency during Cu plating up to Ϫ160 kHz at Ϫ14.8 mA cm Ϫ2 /0 rpm are shown in Fig. 9 . For crystals oscillating at 10.245 MHz, linearity up to Ϫ205 kHz is predicted according to the 2% limit. In addition to the Cu deposit, the quartz crystal in Fig. 9 contained 30 nm Cr and 190 nm Au (Ϫ88 kHz) on the working electrode side and 20 nm Cr and 230 nm Au (Ϫ103 kHz) on the back side of the crystal, bringing the total load to Ϫ351 kHz. In spite of this high mass density on the crystal, a correlation coefficient of 0.99998 for the linear fit was found.
The different calibration experiments and obtained results are listed in Table II . The calibration coefficient C f was calculated by fitting charge vs. frequency data. In order to evaluate its dependence on the mass load on the crystal, C f was calculated over ranges of 2 kHz below a total thickness corresponding to Ϫ10 kHz and over ranges of 5 kHz for the total deposit exceeding Ϫ10 kHz. This yielded a characteristic C f for the lower limit of the evaluated frequency range. For example, C f of the quartz crystals containing a deposit of Ϫ50 kHz was calculated from the data obtained during the deposition between Ϫ50 and Ϫ55 kHz. The values for C f at 0, Ϫ10, and Ϫ125 kHz are given in Table II . We found a significant decrease of C f during plating of the first Ϫ10 kHz and a slight decrease over the continuance of the deposition in all experiments. C f at 0 kHz yielded the highest standard deviation. The standard deviation for Cu was generally smaller than for Ag deposition. Moreover, the galvanostatic Cu plating (a-c) was preferable to potentiostatic deposition, since the current could be measured more precisely and the possible influence of the current distribution was kept constant during plating. In experiment (e), Cu was deposited on Au electrodes already containing a deposit of Ϫ50 kHz Cu formed under conditions (a). For these experiments, only a small change of C f during the first Ϫ10 kHz was found. Ag deposition in 1 mM AgNO 3 in (h) and (j) lead to poor and very thin deposits, since the limiting currents were very small. Using electron microscopy, deposits with many pores and dotted with crystallites of a diameter around 1 m were identified, although the deposition currents were clearly below the limiting currents. Deposition in 10 mM AgNO 3 was performed up to Ϫ30 kHz and yielded coherent and shiny deposits.
The dependence of C f on the mass density on the crystal, given by its related frequency difference ⌬f, is shown in Fig. 10 . The sensitivity of the quartz crystals with Cr ϩ Au as working electrode, oscillating at 10,055 Ϯ 10 kHz, corresponds to C f at ⌬f ϭ 0. The mean values of C f for the experiments (a-d) and (f) are presented by the filled symbols. All calibration measurements for these conditions showed a correlation factor between total charge and total frequency difference similar to that in Fig. 9 . However, a strong decrease and large scattering of C f measured for ⌬f < Ϫ20 kHz occurred when Ag or Cu was directly plated on Au. With increasing deposit thickness, an almost linear variation of C f with ⌬f was observed. It is proposed that internal stresses in the deposits affected the measured crystal resonant frequency below Ϫ20 kHz, corresponding to 100 nm Cu, thus falsifying the calculated quartz-crystal sensitivity in the initial phase of the deposition. The stresses could have arisen due to the misfit in the lattice parameters between substrate and deposit. In order to support this conclusion, Cu was also plated on quartz-crystal electrodes with an initial layer of 250 nm Cu on top of Cr ϩ Au, corresponding to Ϫ50 kHz [experiment (e)]. We expected a smaller stress influence, since the substrate and deposit material are the same. These data are presented in Fig. 10 by the open symbols. They show a smaller decrease of C f and a lower standard deviation between different measurements in the initial phase of deposition compared to the experiments where Cu was plated on Au. With increasing thickness the two curves fall together. In order to obtain the "real" frequency dependence of the quartz-crystal sensitivity, free of stress effects, a line was fitted through points 1-7 in Fig. 10 . These points represent a linear change of C f with increasing deposit thickness. The sensitivity in Hz ng Ϫ1 cm 2 could be described according to
where f is the resonant frequency in kilohertz of the crystal with electrodes. The validity of Eq. 4 was experimentally verified up to a mass load of Ϫ341 kHz (Ϫ103 kHz Cr/Au on crystal back side, Ϫ88 kHz Cr/Au plus Ϫ150 kHz deposit on working electrode side), reaching 3.33 % of f o . The value of Ϫ0.213 Ϯ 0.002 Hz ng Ϫ1 cm 2 corresponded to the quartz-crystal sensitivity at 10,055 kHz (⌬f ϭ 0). At this frequency, Eq. 3 predicts Ϫ0.229 Hz ng Ϫ1 cm 2 , hence 6.9% more negative. In Fig. 10 , the electrodeposition of Cu and Ag on Au yielded Ϫ0.228 Ϯ 0.010 Hz ng Ϫ1 cm 2 at ⌬f ϭ 0, with 0.05% deviation, extremely close to the theoretical value. This could explain the reported small deviations of <3% by other authors 4, 9, 23 working with thinner deposits and not taking into consideration the phenomena occurring at the beginning of the deposition and the following nonlinearity of C f . The nonlinearity we observed amounted to 0.0065 Hz ng Ϫ1 cm 2 /100 kHz, where Eq. 3 predicts 0.0045 Hz ng Ϫ1 cm 2 /100 kHz close to 10 MHz. The precise knowledge of the frequency dependence of C f is important when EQCM measurements in monolayer resolution on different initial substrates are performed. In electrodeposition or corrosion experiments that lead to a high ⌬f, an error of 3%/100 kHz is Table II . Calibration experiments in Cu-and Ag-containing electrolytes. The quartz-crystal sensitivity C f and its standard deviation were calculated by fitting measured charge vs. frequency in the deposition range Ϫ⌬f ϭ 0-2, 10-15, and 125-130 kHz, corresponding to C f at 0, Ϫ10, and Ϫ125 kHz, respectively. S0013-4651(99)05-039-9 CCC: $7.00 © The Electrochemical Society, Inc. made in mass calculations by neglecting the nonlinearity between frequency and mass load. Conclusions A new rotating electrode design for the EQCM has been presented where electrode body and the electrode holder, containing the quartz crystal, form two parts that can simply be plugged together to connect the crystal in a reproducible manner. This simplifies the measurements and opens a wide field of applications. The rotation increases the noise level of the rEQCM only marginally in the range 0-3500 rpm. For the same conditions, the overall frequency stability over a measuring time of 100 s was better than 1 Hz compared to 0.5 Hz without rotation. This sensitivity is sufficient for studies of mass-transport-controlled reactions in monolayer resolution.
The current distribution, determined by codeposition of Cu and Ni, is the same as for an RDE without recess due to the presence of a spacing between electrode and recess.
Internal stresses, arising from the mechanism of film growth in the initial state of the electrodeposition of Ag and Cu on an Au substrate, affect the measured frequency. The effect must be taken into account when calibrating an EQCM. For crystals oscillating at 10.055 MHz containing a back side electrode of 20 nm Cr and 230 nm Au and a working electrode of 30 nm Cr and 190 nm Au, a sensitivity of Ϫ0.213 Hz ng Ϫ1 cm 2 and a linear decrease of the sensitivity of 0.0065 Hz ng Ϫ1 cm 2 /100 kHz was found. This behavior was verified up to a mass load of 3.33% of the resonant frequency.
